The purpose of this study was to determine why identifiable reassortants between subgroup 1 and subgroup 2 rotaviruses have been so rarely isolated from human specimens. Cultured cells were coinfected with pairs of subgroup 1 and 2 human rotaviruses and passaged multiple times to simulate natural reassortant formation and selection in vivo. After coinfection of MA-104 cells with subgroup 1 (DS-1) and subgroup 2 (either Wa or P) strains, approximately 14~ of the plaque-picked progeny were shown to be reassortants. During multiple passages of these coinfected cultures, however, complete (Wa virus coinfection) or nearly complete (P virus coinfection) loss of detectable DS-1 segments from progeny was observed. Thus, when all segments of the subgroup 2 viruses were present in coinfected cultures, these segments dominated in the selected progeny. Coinfection with subgroup 1-subgroup 2 rotavirus reassortants and the DS-1 strain followed by multiple passages, however, resulted in complete loss of some segments from the subgroup 2 strains originally present in the reassortants.
INTRODUCTION
Rotaviruses have 11 segments of double-stranded RNA packaged within a double-shelled protein capsid. Coinfection of cells with two strains of rotavirus can result in progeny with genome segments from both parents (reassortants). Reassortant formation after coinfection of animals or humans with two strains of rotavirus has been suggested as a mechanism of viral evolution (Chanock et al., 1983) .
There are at least four and probably six serotypes of human rotavirus (Hoshino et al., 1984; Matsuno et al., 1985; Clark et al., 1987) . Two outer capsid proteins, VP4 and VP7, have been found to be neutralization antigens involved in serotype determination and are encoded by segments 4 and either 7, 8 or 9 Greenberg et al., 1983a; Offit et al., 1986; Ward et al., 1988b) . The group antigen, VP6, is encoded by segment 6 and two subgroups (1 and 2) of human rotaviruses have been identified (Greenberg et al., 1983b; Taniguchi et al., 1984) . Serotype 2 human strains have been shown to belong exclusively to subgroup 1 and human serotypes 1, 3 and 4 have been found to belong only to subgroup 2 Rodger et al., 1981 ; Hoshino et al., 1984; Svensson et al., 1986; Brown et al., 1988; Georges-Courbot et al., 1988) . Subgroup 1 (serotype 2) human rotaviruses have characteristic 'short' electrophoretic patterns associated with an inversion in the migration order of segments 10 and 11 (Kalica et al., 1981a; Kutsuzawa et al., 1982) . Several natural isolates have, however, been found to be exceptions (Nakagomi et al., 1987; Brown et al., 1988; Steele & Alexander, 1988; Sethi et al., 1988) . Thus, at least four of the 11 human rotavirus segments, i.e. those coding for the two neutralization proteins and group antigen as well as the segment that determines the long rather 0000-8812 © 1989 SGM than short pattern, appear to remain closely associated in almost all natural isolates of subgroup 1 and 2 strains.
Coinfection of cultured cells with subgroup 1 and 2 human rotavirus strains has been reported to yield a small number of reassortants. Urasawa et al. (1986) found that coinfection of cells with a serotype 1, subgroup 2 and serotype 2, subgroup 1 strain resulted in only two out of 275 plaquepicked isolates with a reversed serotype-subgroup genomic arrangement. Garbarg-Chenon et al. (1984) found that only four out of 120 plaque-picked progeny were reassortants following coinfection of cells with two human rotaviruses, one with a short and the other a long pattern. In contrast, coinfection of cultured cells with different pairs of subgroup 2 human rotaviruses resulted in high percentages (33 to 48 ~) of plaque-picked progeny being reassortants (Ward et al., 1988a) .
The first aim of this study was to determine the frequency of reassortant isolation after coninfection of cultured cells with subgroup 1 and subgroup 2 human rotaviruses. We then determined whether there were selective advantages for certain reassortants during multiple passages after coinfection as previously found with subgroup 2 strains (Ward et al., 1988a) , or whether one of the parental viruses was preferentially selected. Finally, factors responsible for the observed selection processes were examined.
METHODS

Viruses and cells.
The three human rotaviruses used in this study were prototypes representative of serotype 1, subgroup 2 (Wa), serotype 2, subgroup 1 (DS-1) and serotype 3, subgroup 2 (P) strains. All were originally provided by R. Wyatt, N.I.H., Bethesda, Md., U.S.A. After several passages in MA-104 cells, each was plaque-purified three times and aliquots of stock preparations were stored at -70 °C. Procedures used in the growth and plaquing of human rotavirus have been described previously (Ward et al., 1984) . Final titres were 1.7 x 107, 0.3 x 107 and 1.1 x 107 p.f.u./ml for Wa, DS-1 and P preparations, respectively.
Coinfection with subgroup 1 and 2 rotaviruses. Prior to coinfection of ceils, each virus stock was concentrated by centrifugation (250000 g, 30 min) and resuspended in tissue culture medium [Improved MEM, Richter's modification (Irvine Scientific)] to the same approximate concentration of infectious particles as determined by a plaque assay. Confluent tube cultures of MA-104 cells were washed three times with Earle's balanced salt solution (EBSS) and coinfected with equal numbers of infectious particles of either Wa and DS-1 strains or P and DS-1 strains (at an m.o.i, of 6 for each strain). The culture tubes were rolled for 1 h at 37 °C to adsorb virus and the cell monolayers were washed twice with EBSS to remove unbound virus. Two ml of tissue culture medium with antibiotics was added and the infected cultures were incubated for 22 h at 37 °C and then frozen.
Identification ofreassortants in coinfected cultures. Frozen coinfected cultures were thawed and then incubated (37 °C, 30 min) with 10 p.g/ml trypsin (Gibco; 1:250) to activate progeny viruses which were isolated by plaque formation and grown in tube cultures (Ward et al., 1984) . Reassortant progeny were identified by electrophoretic analysis of their RNA genome segments as previously described (Ward et al., 1988a) .
Coinfection with reassortant and parental viruses and multiple passages of coinfected cultures. Isolated reassortants identified by electrophoretic analysis of RNA genome segments were passaged three times in MA-104 cells and stock preparations were stored in aliquots at -70 °C. The reassortant strains were then used to coinfect MA-104 cells with each parental strain using appropriate volumes of each virus based on p.f.u./ml (at an m.o.i, of 3 for each strain). These coinfected cultures, along with those coinfected with the parental strains, were passaged multiple times in tube cultures of MA-104 cells using an m.o.i, of />4. During each passage, the cultures were frozen between 20 and 26 h after infection when cytopathic effect was clearly apparent in all inoculated tubes. Genomic selection was then determined by electrophoretic analysis of the complete progeny of multiple infections (Ward et al., 1988a) . The percentage of segments derived from each of the coinfecting parents was determined using a densitometer.
RESULTS
Reassortant formation between subgroup 1 and 2 human rotaviruses
The rotaviruses used in this study were selected because they were prototype human strains of subgroups 1 and 2 and serotypes 1 to 3 and because most of the genome segments of each of the subgroup 1 x subgroup 2 pairs could be electrophoretically distinguished. Once functionally equivalent segments of these rotavirus pairs were identified, as will be shown, the parental origin of nine (Wax DS-1) or 10 (P x DS-1) out of 11 segments from each pair could be assigned. Following coinfection of MA-104 cells with the pairs of subgroup 1 and subgroup 2 PxDS-1 48 5 P 18 3 3 3 1 1 NS 4 2 3 3 4 DS-1 18 4 4 4 6 6 US 3 5 4 4 3 1693 * Functionally equivalent segments that migrate in a reversed order are numbered according to the migration order of the Wa and P strains.
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strains, 13 out of 95 (13.7 %) plaque-picked isolates from the Wax DS-1 coinfection and seven out of 48 (14-6%) of the P x DS-1 plaque-picked progeny were individual reassortants as determined by electrophoretic analysis (Table 1) . In previous studies, it was found that 39 out of 87 (45 %) (Ward et al., 1988 a) and 24 out of 50 (48 %) (Ward et al., 1988 c) plaque-picked isolates obtained after coinfection of cells with the subgroup 2 strains (P and Wa) yielded reassortants. Ten out of 11 segments could also be resolved with that pair of viruses. Thus, the percentage of reassortants was significantly less (P < 0.00001 as determined by a two-tailed Fisher exact test) in the subgroup 1 x subgroup 2 progeny. Analysis of the parental origin of individual segments in reassortants revealed that each of the separable segments from the parents was represented at least once in the reassortants formed. This was true for both pairs of viruses (Table 1) . Although there were differences in the fraction of individual segments derived from each parent, the number of reassortants was too small for these differences to be statistically significant. There was, however, a clear overall dominance of segments from the Wa virus in the Wax DS-I reassortants (77 Wa, 40 DS-1) which was significant (P = 0.0003 as determined by a hypotheses test for proportions).
Identification of functionally equivalent gene segments in coinfecting pairs of viruses
Further analysis of the electropherograms of the reassortants also revealed reversals in migration order of RNA segments encoding the same protein. It was previously reported that segment 9 of Wa and segment 8 of DS-1 code for the VP7 protein (Kalica et al., 1981b; Greenberg et al., 1983a) . It has also been reported that segment 11 of subgroup 2 strains and segment 10 of subgroup 1 strains are functionally equivalent (Dyall-Smith & Holmes, 1981 ; Garbarg-Chenon et al., 1984) . Other reversals were seen in gel patterns of reassortants in the present study. For example, examination of Wa × DS-1 reassortants revealed that those designated C12 and C29 were missing only segment 8 of Wa in the 7-9 combination and contained segment 7 of DS-1 (Fig. 1) . Thus, segment 7 of DS-1 and segment 8 of Wa have the same function. Reassortant C31 was missing only segment 8 of the 7-9 combination from DS-1 and contained segment 9 of Wa. This confirms the conclusion of other investigators (Kalica et al., 1981b; Greenberg et al., 1983a) , that segment 9 of Wa and 8 of DS-1 are functionally equivalent. Finally, reassortant C25 contained segments 8 and 9 of Wa and segment 9 of DS-I. Thus, segment 7 of Wa and segment 9 of DS-I have the same function. Examination of the remainder of the Wax DS-1 reassortants yielded consistent results and also confirmed the reversal in migration order of segments 10 and 11 (note reassortant B9 contained segment 10 of both Wa and DS-1) reported by other investigators for subgroup 1 and 2 rotaviruses (DyallSmith & Holmes, 1981; Garbarg-Chenon et al., 1984) .
Analysis of the P x DS-1 reassortants revealed that although segments 7 and 8 of P were not resolved (Fig. 2) , P and Wa segment 9 were functionally equivalent as shown by reassortant A47. This reassortant contained segments 7 and 9 of DS-1, equivalent to segments 8 and 7 of Wa as already described, and contained only segment 9 of P. Similarly, segments 10 and 11 of P and DS-1 migrated in a reversed order (note reassortant A 10 contained segment 10 of both P and DS-1 and reassortant A45 contained segment 11 of both parental viruses). Finally, it can be seen that segments 2 and 3 of DS-1 and P migrated in a reversed order. Reassortant A7 contained segment 2 of each and reassortant A10 contained segment 3 of each. Based on these results, it was possible to identify the parental origin of nine of the 11 segments in reassortants derived from the W a x DS-1 coinfection and 10 of the segments in reassortants from the P x DS-1 coinfection.
Loss of reassortants during multiple passages
Since reassortants could be readily isolated following coinfection of cultured cells with subgroup 1 and subgroup 2 human rotaviruses, it was next determined which, if any, of the reassortants were selected during multiple passages of the coinfected cultures. Multiple passage of cultures coinfected with pairs of subgroup 2 rotaviruses resulted in the selection of reassortants with specific segments from each of the coinfecting strains and complete loss of the parental genotypes (Ward et al., 1988a) .
After seven passages of the subgroup 1 x subgroup 2 coinfected cultures, there was a clear dominance of subgroup 2 segments in selected progeny (Table 2) . Only segments 1, 4, 5, 7 and 10 of DS-1 were detectable in the Wa x DS-1 progeny and these segments were present in considerably reduced amounts relative to the Wa segments with equivalent functions. (Note that segments are numbered according to the migration order of the Wa and P parents. Although segments 2 and 3 of Wa and segments 7 and 8 of P were not separable, DS-1 segments were numbered in the same order in W a x DS-1 and P x DS-1 reassortants for consistency.) Similarly, only segments 2, 4, 5, 7 and possibly 3 of DS-1 were detectable in the P x DS-1 On: Sun, 30 Dec 2018 06:19:04 1" r~s, Not separable.
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reassortants. After an additional nine passages, only the genotype of the parental Wa virus was detectable in the Wa x DS-1 progeny and only small amounts of DS-1 segments 2, 4, 5, 7 and possibly 3 in the P × DS-I progeny. Thus, all segments from the subgroup 2 viruses were selected during multiple passages of each coinfected pair but some segments were more rapidly selected than others. No reassortant was dominant in the selected viruses. Selection of the same segments was observed in replicate experiments but the number of passages required to observe this selection varied from experiment to experiment.
Selection during multiple passages following coinfection with reassortants and parental viruses
The previous experiments indicated that when all segments of the subgroup 2 parental viruses were present in cells coinfected with the DS-1 virus, each of these subgroup 2 segments was selected during multiple passages of the coinfected cultures. To determine whether selection of subgroup 2 segments would also occur if not all segments of the subgroup 2 strains were present, cells were coinfected individually with different reassortants and the DS-1 parental virus using an m.o.i, of 3 for each virus. Following multiple passages of the coinfected cultures, the relative amounts of viral RNA segments from the coinfecting strains in the progeny were determined. Four reassortants derived from the Wa × DS-1 coinfection and five reassortants from the P x DS-1 coinfection were used for this analysis. All but three separable segments from each parental strain were represented at least once in the two sets of selected reassortants. The genotypes of these reassortants are listed in Table 3 . Coinfection of cells with the reassortants and the DS-1 virus followed by 16 passages in cell culture often resulted in selection of the subgroup 2 rotavirus (Wa or P) segments which were present in the reassortant but this was not always the case (Table 4) . Instead of loss of DS-1 segment 3 during multiple passages of the A7 × DS-I coinfected culture, there was complete loss of the P segment with equivalent function (i.e. segment 2). Similarly, 16 passages after coinfection with reassortant A9 and DS-1, there was a complete replacement of P segment 11 by DS-1 segment 10. After multiple passages following coinfection with A10 and DS-1, there was complete loss of P segments 10 and 3, equivalent to DS-1 segments 11 and 2, and nearly complete loss of P segment 1. In all three cases, however, P segment 7 was retained and, in the case of A10, segment 9 of P was also retained. Performance of multiple passages after coinfection with reassortant A45 and DS-1 resulted in loss of P segment 11. Finally, multiple passages after coinfection with B7 and DS-1 resulted in complete loss of segments 10 and 11 of Wa. Thus, segments from the subgroup 2 parental strains were sometimes but not always selected when an incomplete array of P or Wa rotavirus segments was present. Coinfection of all nine reassortants and their subgroup 2 parent (Wa or P) followed by multiple passages consistently resulted in selection of progeny with parental subgroup 2 genotypes as expected (results not shown).
DISCUSSION
Although rcassortant formation betwccn strains of human rotaviruscs occurs rcadily in cell culture, it is unclear whcthcr the production of new rotavirus strains occurs by this mechanism in humans coinfected with two rotavirus strains. Natural formation of rcassortants between subgroup I and 2 human strains appears to bc highly limited. This study was dcsigned in an attempt to expiain this finding using a model cell culture system.
In a prcvi0us study it was shown that coinfcction of cultured cclls with pairs of subgroup 2 human rotaviruscs consistently resulted in loss of parental gcnotypcs and selection of rcassortants during multiplc passagcs (Ward et al., 1988a) : in the prcscnt study it was found that approximately 14 ~ of thc initial plaquc-pickcd progeny of coinfcctions with subgroup I and 2 human rotaviruscs were rcassortants. During multiplc passagcs of thcsc coinfectcd cultures, however, there was a gcncral loss of scgments from the subgroup I virus. If analogous rcsults occur during coinfcction of humans with subgroup I and 2 strains, it is assumed that reassortant viruses will be formed but these new strains will not cffectivcly compete against the parental viruses. This could account for the apparent scarcity of subgroup l-subgroup 2 rcassortants within natural human rotavirus isolates. This conclusion must bc considered with caution, however, since selection in vivo and in vitro may bc vcr)~ different. Even in vitro selection of rcassortants can differ between different cell lines (Graham et aL, 1987) . Furthcrmorc, other factors, such as the relative multiplicities of infection of the coinfccting strains which was shown to altcr the selective advantages of some segments in vitro (Ward et al., i988a) , could also have a dramatic cffcct on which viruses (parcntal or rcassortants) are sclcctcd in vivo.
As indicated in our previous study (Ward et al., 1988a) , sclcction of rotavirus strains under competitive conditions in cell cultures is probably determined primarily by the relative infcctivitics of viruscs duc to differences in thcir gcnotypcs. This conclusion is supported by the finding that although reassortants and parental viruses cxamincd in this study reached maximum titres during thc same time periods, i.c. betwccn I0 and 12 h after infection (results not shown), these maximum titrcs varied considerably from virus to virus. The DS-I strain generally grew to lower titrcs than the P or Wa strains and the rcassortants consistently grew to lower titrcs than thcir P or Wa parents.
The cause of the ovcrwhelming sclcction of scgmcnts from thc subgroup 2 strains during multiple passages after coinfection of cultured cells with subgroup I and 2 human rotaviruscs was also examined as part of this study. It was possible that all segments from the subgroup 2 strains wcrc intrinsically favoured during selection over their subgroup I counterparts. It was found, howcvcr, that when thc segments present wcrc not exclusively subgroup 2, those which wcrc prcscnt wcrc not always selected. In fact, thcsc scgmcnts could bc completely replaced by those of the subgroup l DS-I strain during multiple passages of coinfccted culturcs. These results implied that the observed selection of all ~cgmcnts from the subgroup 2 strains was duc to the ability of the subgroup 2 virus segments to function as a group, not to the intrinsic dominancc of each individual scgmcnt over its DS-I virus counterpart. Thus, the ability of each rotavirus RNA segment to function with the other segments apparcntly determined which genotypes were selected after coinfcction. The basis for this conclusion is clearly illustrated by the rcsults shown in Tablc 4. When scgmcnt 7 of thc subgroup 2 virus was present in the reassortants used for coinfection with DS-I, it was invariably selected, even if all other segments were from the DS-I virus. Other segments such as l, 2, 3, 10 and 11 of the subgroup 2 virus could, howcvcr, be displaced by the DS-I scgmcnt of equivalent function if not all scgmcnts from the subgroup 2 virus parent were present.
As explained in the Introduction, the lack of natural reassortants bctween subgroup l and 2 human rotavirus strains has only bccn dctcrminablc for four scgmcnts, i.e. scgmcnts 4, 6, either 7, 8 or 9, and either 10or I I. It was possible that these four scgmcnts usually remain togethcr as a unit in the progeny selected after coinfection with subgroup I and 2 human rotaviruscs but interchange within the other seven segments was more readily tolerated. Of the 20 reassortants isolated between subgroup 1 and 2 human rotaviruses in this study, however, interchanges within these four specific segments were observed in at least nine isolates. Since segment 6 of the strains examined was not separable, this was a minimum value. Therefore, interchange within these four segments clearly can occur between subgroup 1 and 2 human rotaviruses in cell culture, a result also noted by other investigators (Garbarg-Chenon et al., 1984; Urasawa et al., 1986) . These findings suggest that the scarcity of reassortants between subgroup 1 and 2 viruses within natural isolates has not been due to an unusually strong association between the four readily identifiable segments of these isolates.
Subgroup 1 human rotaviruses have been found to have short electropherotypes in all but a few instances (Nakagomi et aL, 1987; Brown et al., 1988; Steele & Alexander, 1988; Sethi et aL, 1988) . On the other hand, almost all known strains of animal rotavirus belong to subgroup 1 but have long electropherotypes (Kalica eta/., 1978; Rodger & Holmes, 1979; Thouless et al., 1982; Greenberg et al., 1983 b; Estes et al., 1984; Albert et al., 1987) and subgroup 1 human isolates are not serotypically related to these animal strains (Hoshino et al., 1984) . These observations indicate that animal rotaviruses do not readily infect humans. It is known, however, that vaccine strains of bovine (Vesikari et al., 1983; Clark et al., 1986 Clark et al., , 1988 and simian (Losonsky et al., 1986; Anderson et al., 1986) rotaviruses will infect humans but the amount of virus shed appeared to be orders of magnitude less than can occur during infection with human strains (Ward et al., 1984) . Although reassortant formation between animal and human rotaviruses occurs readily after coinfection of cultured cells, a finding reported by many investigators, there is presently no evidence of reassortants between human and animal strains within natural human rotavirus isolates. It appears, therefore, that if coinfections of humans with animal and human strains occur, reassortants formed during these coinfections are not competitive against the parental human strains. These findings suggest that neither animal rotaviruses nor reassortants between animal and human strains are important agents of human disease.
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